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(Sugimoto 1994) . U ,
\rho 0SU ,
. , $\rho_{0}$ , $S$ .
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1:
, , , $l$
.
$\chi(=S/A)$ ( , $A$ ) .
, :
$\frac{\partial^{2}p}{\partial t^{2}}-a^{2}\triangle p=a^{2}\frac{\partial q}{\partial t}$ . (2.1)
$a$ , $P,$ $q$ po ,
, , $\triangle$ 3 . ,
, q
:
$q= \frac{m}{2\pi r}\delta(r)[\delta(x-Ut)-\delta(x-Ut+l)]$ . (2.2)
$m$ $\rho 0SU,$ $r,$ $X$ , , ,
$\delta(r)$ 1 , \mbox{\boldmath $\delta$}(r)/2yrr 2 .
,
. $\partial^{2}/\partial \mathrm{x}^{2}$ , q
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. , $\rho_{0}SU$ $A$ $m(=\rho 0\chi U)$
$q=m[\delta(x-Ut)-\delta(x-Ut+l)]$ (2.1) .
1 . $t=0$ $(x>0)$
. , .
, $\triangle p$
$\frac{\triangle p}{p_{0}}=\frac{\gamma\chi M^{l}}{1-\mathrm{J}I^{2}}$ (2.3)
. , $\gamma$ , M \ $U/a$ .






$\frac{\partial^{2}p}{\partial t^{2}}=a^{2}(\frac{\partial^{2}p}{\partial r^{2}}+\frac{1}{r}\frac{\partial p}{\partial r}+\frac{\partial^{2}p}{\partial x^{2}})+a^{2}\frac{\partial q}{\partial t}$ , (3.1)
$(0\leq r<R, 0<x<\infty, -\infty<t<\infty)$ . , q (2.2)
. , ,
$\text{ ^{}\backslash }\text{ }$
$r=R,$ $0<x<\infty \text{ }$ $\frac{\partial p}{\partial r}=0$ , (3.2)
$x=0,0\leq r<R\text{ }$. $p=0$ (3.3)
. , $x<0$ ,
(3.3) $x=0$ $p=0$ ‘ ’ . $arrow\vee$
, $xarrow\infty$ , .
, $p+’ p_{-}$ , $p$
.
, $P-$ $p+$ , $t$ t–l/U
:
$p=p_{+}+p_{-}=p_{+}(r, x, t)-p+(r, x, t-l/U)$ . (34)
113
, $P+$ :





$J_{0}$ , $\zeta_{n}(n=0,1,2,$ $\ldots;\zeta 0=0<\zeta_{1}<$
$\zeta_{2}<\ldots)$ 1 $J_{1}(\zeta_{n})=0$ .
, $P+$ :
$p_{+}= \frac{ma}{\pi R^{2}}\sum_{=n0}\infty\frac{1}{J_{0(\zeta_{n})}^{2}}g_{n}(x, t)J\mathrm{o}(\zeta_{n}\frac{r}{R})$ . (3.7)
$g_{n}(n=0,1,2, \ldots)$ $x$ $t$ .
$(3.6),(3.7)$ (3.5) , $g_{n}$ :
( $\frac{\partial^{2}}{\partial t^{2}}-a^{2_{\frac{\partial^{2}}{\partial x^{2}}}}+a^{2}\frac{(_{r\iota}^{2}}{R^{2}}$ ) $g_{n}=a \frac{\partial}{\partial t}\delta(x-Ut)$ . (3.8)
$\overline{g}_{n}=\frac{1}{(2\pi)^{\frac{1}{2}}}\int_{-\infty}^{\infty}g_{n}(X, t)\mathrm{e}^{i\mathrm{t}Dt}\mathrm{d}t$ , (3.9)
(3.8) $l\mathrm{h}$
$\frac{\partial^{2}\overline{g}_{n}}{\partial x^{2}}-(\frac{\zeta_{n}^{2}}{R^{2}}-\frac{\omega^{2}}{a^{2}})\overline{g}_{n}=\frac{i\omega}{(2\pi)^{\frac{1}{2}}aU}\mathrm{e}^{i\omega x/U}$ (3.10)
. , ,
$\overline{g}_{n}=-\frac{M}{(2\pi)^{\frac{1}{2}2}\alpha}\frac{i\omega}{(\omega^{2}+(_{n}^{2}U^{2}/\alpha^{2}R^{2})}(\mathrm{e}-i\omega x/U\mathrm{e}-s_{n}x)$ (3.11)
. , $\alpha^{2_{=1-M}2},$ $s_{n}$ :
$s_{n}=( \frac{(_{n}^{2}}{R^{2}}-\frac{\omega^{2}}{a^{2}})^{\frac{1}{2}}=$
$’-i|s_{n}|$ if $\omega>(_{n}a/R$
$|s_{n}|$ if $|\omega|\leq\zeta_{n}a/R$ (3.12)
$\mathrm{Y}^{+i|S_{n}|}$ if $\omega<-\zeta_{n}a/R$
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(3.11) . (Oberhettinger, $\mathrm{p}.30$ &p.142)
$\frac{1}{(2\pi)^{\frac{1}{2}}}\int_{-\infty}^{\infty}\frac{1}{s_{n}}\mathrm{e}^{-S_{n}x}-i\omega t\mathrm{d}\omega=(\frac{\pi}{2})^{\frac{1}{2}}a(1+\mathrm{s}\mathrm{g}\mathrm{n}t)J_{0}(\eta_{n})h(|t|-\frac{x}{a})$ , (3.13)
( , $\eta_{n}=(_{n}(at22-x)2\frac{1}{2}/R)$ , $g_{ll}$
:
$g_{n}= \frac{M}{2(1-M^{2})}[$-sgn $(t- \frac{x}{U})\exp(-(n\frac{|x-Ut|}{\alpha R})-a\frac{\partial\Psi_{n}}{\partial x}]$ (3.14)
, $\Psi_{n}$ :
$\Psi_{n}=\int_{x/a}^{\infty}J0(t_{n}’)$ sgn $(t - t’) \exp(-(_{n}\frac{U|t-t’|}{\alpha R})\mathrm{d}t’$ . (3.15)
$t_{n}’=(_{n}(a\theta 2\prime 2-x)2\underline{1}\sim’/R$ .
$t<x/a$ , $\Psi_{n}$ (Oberhet-
tinger&Badii, p.129)





$(3.14)$ gn $(3.7)$ , $p_{+}$
. $g_{n}$ 1 $x-Ut\neq 0$ .
:
$\sum_{n=0}^{\infty}\frac{1}{J_{0(}^{2}(_{n})}\mathrm{s}\mathrm{g}\mathrm{n}\xi\exp(-\zeta n\frac{|\xi|}{\alpha R})J_{0}(\zeta_{n^{\frac{r}{R}}})=\frac{\alpha^{2}R^{2}}{2}\frac{\xi}{(\alpha^{2}r^{2}+\xi^{2})^{\frac{3}{2}}}$













. – , .
2 , $\gamma\chi M^{2}/(1-M^{2})$ ,
.
(3.14) 2 . ,
\Psi n $narrow\infty$ . (3.15) $J_{0}$
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,$J_{0}[ \zeta_{n}\frac{(a^{2}t^{2}-X^{2})\prime\frac{1}{2}}{R}]=\frac{1}{\pi}\int_{0}\pi \mathrm{p}\mathrm{e}\mathrm{x}((_{n}\frac{x\cos\theta}{R})\cos(\zeta n^{\frac{at’\sin\theta}{R})}\backslash \mathrm{d}\theta,$ (4.2)
t’ , $\Psi_{n}$ :
$\Psi_{n}=$
$- \frac{\alpha R}{2\pi(_{n}a}\{\int_{0}^{\pi}\frac{1}{M+i\alpha\sin\theta}\exp[\zeta_{n}\frac{x}{R}(\frac{M}{\alpha}(1-\frac{1}{\beta})+\cos\theta+i\sin\theta)]\mathrm{d}\theta$
$+ \int_{0}^{\pi}\frac{2i\alpha\sin\theta}{M^{2}+\alpha^{2}\sin\theta 2}\exp[(n\frac{x}{R}(\cos\theta+\frac{i}{\beta}\sin\theta)]\mathrm{d}\theta+c.c.\}.$ (4.3)
\beta $=x/at(<1)$ .
,
$2\pi\exp[\zeta n^{\frac{(x-Ut)}{\alpha R}}]$ (4.4)
. 2 , $\theta$ , (Method
of steepest descents) . \beta $\cos\theta+i\sin$ \theta $w(\theta)$
,
$\theta=\frac{\pi}{2}-\frac{i}{2}\log|\frac{1-\beta}{1+\beta}|\equiv\theta 0$ (4.5)
( , $\log(-1)$ $i\pi$ ),
3 $C$ . $0$ $\pi$ , $C\#^{\vee}$.
, $C_{1}$




$-2\pi\exp[-\zeta n^{\frac{(x+Ut)}{\alpha R}}]\}$ (4.6)






3: \theta $(u+iv)$ $C$ , $C_{1},$ $C_{2}$ Iln $\mathrm{w}(\theta)$
:C $\mathrm{O}+i\infty$ $\theta_{0}$ $\pi-\mathrm{i}\infty$ , $\theta_{1}$ , \theta 2 $M^{2}+\alpha^{2}\sin^{2}\theta=\mathit{0}$ .









$\zeta_{n}x/Rarrow\infty$ . , \mbox{\boldmath $\zeta$}n
x/R . , $x$ ( , $x/at\sim O(1)$ )








$narrow\infty$ $g_{n}$ , (3.7)
.
:
$\sum_{n=1}^{\infty}\frac{1}{J_{0(\zeta_{n})}^{2}}(\frac{2}{\pi(_{n}})\frac{1}{2}\mathrm{o}\mathrm{c}\mathrm{s}[\zeta_{n}\frac{(a^{222}t-x)\frac{1}{2}}{R}-\frac{\pi}{4}]J0(\zeta n^{\frac{r}{R})}$ . (5.1)
$J_{0}$ \mbox{\boldmath $\zeta$}n $Jo(\zeta_{n}r/R)--(2R/\pi(_{n}r)^{\frac{1}{2}\mathrm{o}}\mathrm{c}\mathrm{s}(\zeta_{n}r/R-$
$\pi/4)+O(\zeta\overline{n}^{\frac{3}{2}}),$ $\zeta_{n}=\pi(n+1/4)+O(n^{-1})$ , $narrow\infty$
$\frac{R}{r})^{\frac{1}{2}}\sum_{n=1}^{\infty}\cos[\pi(n+\frac{1}{4})\frac{y}{R}-\frac{\pi}{4}]\cos[\pi(n+\frac{1}{4})\frac{r}{R}-\frac{\pi}{4}]+\mathrm{r}\mathrm{e}\mathrm{s}\mathrm{i}\mathrm{d}\mathfrak{U}\mathrm{a}1$ terms
(5.2)
. $y=(a^{222}t-x) \frac{1}{2}$ , ‘residual terms’ ? $narrow\infty$
$O(n^{-1})$ .
$\frac{1}{4}(\frac{R}{r})^{\frac{1}{2}}[\sin(\frac{\pi Z_{+}}{2})\nu\infty+\sum_{=-}^{\infty}\delta(Z-\nu)+\cos(\frac{\pi Z_{-}}{2})_{\nu}=-\infty\delta\sum^{\infty}(z--\nu)$
$+ \cos(\frac{\pi Z_{+}}{2})\cot(\pi Z_{+})$ $\sin(\frac{\pi Z_{-}}{2}\mathrm{I}^{\cot}(\pi Z-)$
$- \sin(\frac{\pi Z_{+}}{2})$ $\cos(\frac{\pi Z_{-}}{2})]$ . (5.3)
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$z_{\pm}=(r\pm \mathrm{c}/-)/2R$ ( ) , (Lighthill,
p.68&Jones, pp. 153-155):
$\sum_{n=1}^{\infty}\cos\frac{n\pi z}{R}=\frac{1}{2}\sum_{=\nu-\infty}^{\infty}\delta(\frac{z}{\mathit{2}R}-\iota \text{ })-\frac{1}{2}$ , (5.4)
$\sum_{n=1}^{\infty}\sin\frac{n\pi z}{R}=\frac{1}{\mathit{2}}\cot\frac{\pi z}{\mathit{2}R}=\frac{1}{2\pi}\sum_{\nu=-\infty}^{\infty}(\frac{z}{2R}-\nu)-1$ (5.5)
$P+$ . -
, – $\cot$ l/z . $\delta(z_{+}-\nu)$
$\cot(\pi z_{+})$ , $Z_{+}=j$ (fl ) ,
$x= \pm[a^{2}t^{2}-(2jR-r)2]\frac{1}{2}\equiv\pm Xj$ . , $\lambda_{j}^{r}>0$ ,
$1\leq j\leq j_{\max}$ , jmax $at/2R+1/2$ .
,
. - , $\delta(Z_{-}-\nu)$ $\cot(\pi Z-)$ , $x=\pm X_{j}$ .
, $j_{\min}\leq j\leq 0$ , jm’? -at/2R .
$z_{+}=j,$ $Z_{-}=j$ $j>0,$ $j\leq 0$ . 4 $rx$
, at=0.5R 5.5R R .
, , $r=\mathit{2}jR,$ $x=\mathit{0}$ $at$
. , $\cot$ ,



















, – – ,
. ,
.






, $\triangle p/P\mathrm{o}=\gamma\chi M^{2}/(1-M^{2})$
. , $M=\mathit{0}.44(540\mathrm{k}\mathrm{m}/\mathrm{h}),$ $\chi=\mathit{0}.1$ $\triangle p/Po=\mathit{0}.\mathit{0}34$
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